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Abstract 
This work reports the results of real-time X-ray radiography of grain refined and unrefined 
Al-Si alloys solidified at the SPring-8 synchrotron. The nucleation events were observed and 
the grain density and growth rate following nucleation were measured. Nucleation of the 
grain refined alloy samples occurred from the coolest to the hottest parts of the field of view 
in a sequence that mimicked a forward moving wave. No additional nucleation events 
occurred between the first nucleated grains and there was no evidence of grains being 
generated by fragmentation. Measurements of both grain density and growth rate show the 
effect of Si content and grain refiner (Al3Ti1B master alloy) additions on grain size. While 
the total number of grains increases in the alloys with added Al3Ti1B master alloy, the 
growth rates tend to be slower. Furthermore, the growth rate for all alloy compositions 
fluctuates between slow and fast velocities during the initial stages of growth and then tends 
towards a low steady state value. This decreasing trend is explained in terms of thermal and 
solutal field interactions between adjacent growing grains and subsequent grain impingement. 
These measurements result in a better understanding of the role of nucleation and solute 
content in influencing further nucleation and the subsequent change in the solid-liquid growth 
rate.  
Keywords: A1. Dendrites; A2. Grain refinement; A2. Interdependence Model; A1. 
Nucleation; A1. Segregation; A1. Solidification; 
1. Introduction 
In this study real time X-ray experiments were undertaken at the SPring-8 synchrotron to 
directly observe and quantify nucleation events and grain formation characteristics such as 
the growth rate, v, which was measured from video images during the period of grain growth. 
The Al-Si system was chosen for this study because it spans a number of important 
commercial alloys. Although it was rather difficult to observe the solid-liquid interface in Al-
Si due to the low difference in X-ray absorption, it has been recently demonstrated that the 
solidification of Al-Si alloys can be observed in synchrotron studies due to phase and 
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absorption contrast [1]. However, achieving a good signal to noise ratio is critical for 
optimising the contrast [1]. These alloys were also chosen because Si poisons grain 
refinement and the X-ray observations may shed some light on the mechanism of Si 
poisoning. The present study provides quantitative information on the influence of Si on 
nucleation and growth and consequently on grain refinement as well as poisoning. However, 
an analysis of the mechanism of Si poisoning is beyond the scope of this work. 
Synchrotron radiation has been used extensively to study different aspects of solidification 
for a range of alloys. For the purposes of this paper, reporting the previous synchrotron work 
is largely limited to Al based alloys. For instance, Iqbal et al performed pioneering work on 
grain refinement of Al-Ti alloys using synchrotron X-rays [2, 3]. They determined the grain 
count and the growth rate of the grain using the number of diffraction spots and the intensity 
of the diffraction pattern obtained during synchrotron experiments. The evolution of grain 
density in alloy A356 was also studied by Faraji et al [4] using synchrotron X-ray diffraction. 
Similar to Iqbal et al [3] they determined the number of grains by measuring the number and 
intensity of the diffraction spots as the liquid cooled and solidified. They concluded that 
undercooling in the bulk is an important consideration in the number of nuclei formed. In-situ 
solidification by visualising the S-L interface growth has also been studied. Mathiesen et al 
[5] studied the nucleation and growth of eutectic in modified and unmodified Al-Si alloys 
with Cu added as a ternary element as well as an element that provides higher absorption 
contrast during the X-ray experiments. Jung et al [6] and Liotti et al [7] used synchrotron 
radiography to study dendrite fragmentation in directionally solidified experiments on 
unrefined Al-Si and unrefined electro-magnetically pulsed Al-Cu systems respectively. 
Similarly, Yasuda et al [8] observed fragmentation and subsequent nucleation of equiaxed 
grains in directionally solidified high solute containing Al-Cu alloys. Reinhart et al studied 
in-situ Directional Solidification (DS) of Al alloys using a synchrotron [9-11] and observed 
deformation of the grains in the Al-Si alloys [10]. They also studied the effect of pulling 
velocity on Columnar-to-Equiaxed transition (CET) during DS in refined Al-Ni alloys [11], 
and compared the solute segregation with a numerical model [9]. Moreover, Nguyen-Thi et al 
[12] and Mangelinck et al [13], studied CET in Al-Ni alloy. Nguyen-Thi et al [14] also 
studied CET in the Al-Cu system under microgravity conditions. Finally, Nguyen-Thi et al 
[15] studied thermal-gradient driven zone melting in Al-Ni and Al-Si alloys where semi-solid 
state microstructure evolution was studied in-situ using synchrotron radiation. 
A different application of synchrotron radiation work on Al-alloys is described by Srirangam 
et al [16] who used high temperature X-ray diffraction to study the effect of Sr on the 
clustering tendencies of Si atoms in Al-Si alloys in the liquid state. Gorny et al [17] studied 
the formation of intermetallics in Al-Fe alloys, while Wang et al [18] combined numerical 
modelling and X-ray tomography to study intermetallic plate formation in Al-Si-Fe-Cu 
alloys. A similar study conducted by Terzi et al [19] investigated the real-time evolution of b-
plate intermetallics in Al-Si-Fe alloys. Nogita et al used m-XRF mapping to study the role of 
Sr [20] and rare-earth metals [21] in the modification of Al-Si eutectic.  
This work aims to add to this body of knowledge by focusing on the nucleation and growth of 
the primary phase in hypoeutectic Al-Si alloys. The paper is presented in two parts: 
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Nucleation and Grain Formation. The Nucleation section covers the characteristics of the 
nucleation process and measurements of the number of nucleation events occurring over time 
and the Grain Formation section describes the development of grain morphology and 
measurement of the growth rate, v.  
2. Experimental Procedure 
The experimental procedure was similar to that described earlier [1, 22-24]. Binary Al-Si 
alloys of varying compositions were cast with and without Ti grain refiner in the form of 20 
mm diameter cylinders. The alloy composition is represented in weight percent throughout 
the paper. The Ti-containing and Ti-free alloys are called refined and unrefined respectively. 
The final chemical compositions of the alloys are shown in Table I. 5 mm discs were 
sectioned from these cylinders and ground and polished to 100 mm thickness. These samples 
were mounted between quartz plates, placed inside a furnace and exposed to a synchrotron X-
ray beam during the heating and cooling cycle. The cooling cycle was set at 20 K/minute for 
all the experiments. Two beam lines were employed for the experiments – High Resolution 
(HR - BL20XU, with a 1mm x 1mm field of view) and Low Resolution (LR - BL20B2, with 
a 5mm x 5mm field of view). Table I lists the alloys and the corresponding beam line 
employed. The temporal resolution of capturing the images from LR experiments was 0.2 s 
while that from the HR experiments was 1 s. The images were captured using a CCD camera. 
The software for image processing was developed in-house at the synchrotron facility by one 
of the authors [23, 25]. 
Image processing was carried out on the images obtained from all the X-ray radiography 
runs. The raw images were normalized with respect to the ‘dark field’ and ‘bright field’ 
conditions which provide the phase contrast. Subsequently, these files were further 
normalized with respect to the ‘liquid-only’ condition. This last normalization step enhances 
the absorption contrast from different phases formed during solidification of the solid a-Al 
within the liquid Al-xSi alloy melt. Phase contrast was also enhanced by setting an optimum 
distance between the sample and the sensor. More details are provided in a previous 
publication [1].  
Table I. Chemical compositions of the cast samples in weight percent. The synchrotron 
beam-line used to X-ray each alloy is also shown. The (LR) and (HR) designations refer to 
the Low Resolution and High Resolution beam-lines respectively. 
Alloy Si Ti B Cu Fe Mn 
Beam-line 
BL20B2 (LR) BL20XU (HR) 
Al-1Si 1.0 <0.005 <0.005 <0.005 0.02 <0.005   
Al-4Si 3.6 <0.005 <0.005 <0.005 0.02 <0.005   
Al-7Si 6.3 <0.005 <0.005 <0.005 0.02 <0.005   
Al-9Si 8.6 0.005 <0.005 <0.005 0.02 <0.005   
Al-1Si-Ti 1.1 0.06 0.02 <0.005 0.02 <0.005   
Al-4Si-Ti 4.3 0.03 <0.005 <0.005 0.02 <0.005   
Al-7Si-Ti 6.0 0.05 0.005 <0.005 0.02 <0.005   
Al-9Si-Ti 8.2 0.03 <0.005 <0.005 0.02 <0.005   
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In the following, equiaxed grains are the primary a-Al dendritic grains of approximately 
equal dimensions from the point of nucleation. The dendrite tip growth rate referred to in 
subsequent sections is the growth rate of the primary dendrite tip for a given equiaxed grain 
along a specific direction. 
3. Nucleation 
Figure 1 presents six video images from six different times during the nucleation of refined 
(a-f) and three images from three times for the unrefined (g-i) Al-7% Si alloys. The time at 
which nucleation begins is indicated by the first appearance of a grain although it is 
acknowledged that nucleation may occur at any time within the prior time step (0.2 s for LR 
and 1s for HR). Grains nucleate from the bottom or bottom left hand corner of the field of 
view and nucleation continues throughout due to a low temperature gradient from the bottom 
to the top of the field of view [22].  
 
The time-wise increase in the number of grains has a wave-like nucleation pattern which is 
best seen in the videos of in-situ solidification. There are eight videos attached to the 
manuscript which correspond to the refined and un-refined alloys of the four compositions 
(see Appendix for links to these videos). These videos are from the LR experiments as the 
area of the field of view in the HR experiments is very small (i.e. 4% of the LR images) 
thereby limiting the amount of information on grain nucleation.  
From observing the videos it can be seen that there are two nucleation processes depending 
on the nucleation density. When the number of nucleation events are high such as in the grain 
refined 1 and 4% Si samples, nucleation occurs in a wave of sequential events as the 
temperature gradient moves across the field of view. In some cases nucleation occurs in a 
band of events progressively followed by other bands of events as observed in the video for 
the refined 1% Si alloy and Figs. 1(d) and (e) for 7% Si. It can also be observed that once the 
first wave of nucleation events occurs no further nucleation occurs between the growing 
grains. When the number of nucleation events is low as in all of the unrefined alloys and the 
9 wt% Si refined alloy, nucleation occurs within a few regions simultaneously rather than 
sequentially across the field of view. 
Another feature visible in Figure 1 is the partial black colouration of some of the grains (two 
grains in ‘f’) with time. This has also been reported recently by other researchers [10]. 
Termed as “blinking black structure”, this is attributed to the part of the grain aligning with 
the Bragg diffraction angle. Reinhart et al [10] explain this as the consequence of diffraction 
from the slightly deformed part of the grain, the deformation occurring due to the dendrite 
arm elastically bending as it grows. Regardless of the exact mechanism, it is agreed that 
Bragg diffraction from the part of the grain results in the X-ray beam diffracting rather than 
transmitting, thereby resulting in the extinction of the X-ray wave for that part of the grain, 
making it appear dark. The wave extinction only occurs when the Bragg Diffraction condition 
is met, which results in the blinking black structure with time. In a subsequent section, Figure 
7 also shows a similar “blinking black structure”. 
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Videos for the different compositions show that the dendrite morphology becomes finer as 
composition increases. Figures 1 and 5 show this difference for the refined alloys, while 
Figure 7 and 9 show this difference for the unrefined alloys. Notably, there is no evidence of 
dendrite fragmentation occurring in any of the samples. Fragmentation is usually observed 
during directional solidification [6-8] but is rarely observed during equiaxed solidification [1, 
26]. Another feature is that the solidifying grains settle and/or rotate during the early stages of 
solidification and the degree and speed of settling decreases as the growing grains become 
larger and more irregular. Both of the above features will not be further discussed in this 
paper and the second feature will be the subject of a future publication. 
 
Figure 1 - Grain formation: Images (a-f) show the time sequence for in-situ solidification of 
the refined Al-7wt%Si alloy observed during X-ray synchrotron radiography. Initially there 
are two grains in the bottom left corner (circled @ 2s), and with advancing time, the number 
of grains increase to fill the entire frame. Images (g-i) show the time sequence of in-situ 
solidification of the unrefined Al-7wt%Si. Initially there are no grains, however with 
increasing time, two grains appear from the bottom and finally a third grain appears from the 
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top right side of the frame. Image (i) shows the physical impingement of two grains shown 
within a white oval outline. 
It is tempting to calculate a nucleation rate for the observed nucleation process. However, the 
result would not be the classic nucleation rate that relates the number of events to the degree 
of undercooling [27]. Based on the observations here, nucleation occurs as the temperature 
gradient moves across the field of view with time, as governed by the cooling rate, implying 
that nucleation occurs at, or near, a specific temperature.  Thus, to prevent confusion with the 
classic description of nucleation rate we use the term nucleation frequency which is 
consistent with the wave-like nature of nucleation observed in the current study. The average 
nucleation frequency is calculated by taking the ratio of the maximum number of grains to 
the corresponding time when the highest grain count was first reached. 
Table II. The number of grains counted, the corresponding time over which nucleation 
occurs from the first to the last nucleation events, and the average nucleation frequency for 
the alloys studied. All grain number measurements were performed on the BL20B2 data. 
Some alloys (e.g. Al – 1% Si) have data from two real-time x-ray experiments. 
Alloy 
Number of 
grains [-] 
Time [s] Average nucleation frequency [s
-1
] 
Al-1Si 4 / 6 6.6 / 4.8 0.6 / 1.2 
Al-4Si 43 12 3.6 
Al-7Si 6 / 4 6 / 5.2 1 / 0.8 
Al-9Si 8 / 7 6 / 6.2 1.3 / 1.1 
Al-1Si-Ti 685 5 137 
Al-4Si-Ti 239 10.2 23.4 
Al-7Si-Ti 141 10 14.1 
Al-9Si-Ti 14 / 14 13 / 8.4 1.1 / 1.7 
 
Table II lists the number of nucleation events observed and the time period over which they 
occur. Figure 2 shows the cumulative manual grain count from each image of the nucleation 
process for the grain refined alloys where it can be seen that, except for the 1% Si alloy, the 
number of grains increases almost linearly. In the case of 1% Si where there is a large number 
of small grains, there is some fluctuation among individual counts which is likely to be due to 
error during manual counting that is aggravated by the settling of grains and coarsening of the 
growing grains. However, despite this variation the associated video shows that nucleation is 
progressing in a wave across the field of view.  
Table II shows that for the refined alloys the total number of nucleation events decreases as 
the Si content increases while for the unrefined alloys they initially increase from 1 to 4% Si 
and then decrease as the Si content increases further. For the unrefined samples, Table II 
shows that the average nucleation frequency is more or less the same for the 1, 7 and 9% Si 
samples. This value is higher for the Al-4% Si sample owing to the large number of grains 
formed. The larger number of grains formed in the Al-4%Si sample is a consequence of Si 
poisoning. Though Si poisoning is not the focus of this paper, a short discussion is presented 
in the following section in relation to Figure 3. 
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In the refined samples, the time required for nucleation steadily increases as the silicon 
concentration increases. This increase in time is a consequence of a wave-like sequence, 
unlike the unrefined samples where, in a given time, almost all the grains are formed 
simultaneously. Notice also that unrefined samples have a similar number of grains forming 
except in the Al-4% Si sample. Combined with the decreasing number of grains with 
increasing alloy content, the nucleation frequency in higher Si containing samples 
correspondingly reduces. Compared to the unrefined samples, the refined samples show a 
much higher nucleation frequency except for the 9% Si sample.  
The observation of sequential nucleation from the bottom to the top of the field of view in the 
refined samples follows the advancement of grain formation in a wave as predicted by the 
Interdependence model [28]. The Interdependence and earlier models [28-31] assume the 
inoculant particles are potent nucleants requiring relatively low undercooling (DTn) provided 
by the constitutional supercooling developed by the prior nucleated grains, to activate a 
nucleation event and it is only the most potent particles that become successful nucleants. 
This mechanism is similar to that proposed by Kelton and Greer [32] except they propose that 
once the largest most potent particles nucleate grains the next nucleation events will be on the 
next most potent particles and so on until nucleation ceases. In contrast, the Interdependence 
model implies that nucleation occurs as a wave of nucleation events as the temperature 
gradient moves through the casting during cooling. These two descriptions are not 
incompatible but differ in the emphasis they put on nuclei potency. Note that the small 
thermal gradient (estimated to be 0.67 K/mm based on it taking 10s to fully nucleate the field 
of view as seen in Figure 1) also affects the nucleation frequency in both the refined and 
unrefined alloys as the presence of the thermal gradient will affect the undercooling ahead of 
the growing grains required to trigger a new nucleation.  
The Interdependence model also suggests that solute accumulation between the new grains 
reduces the amount of constitutional supercooling potentially preventing further nucleation. 
Numerical modelling [33] clearly showed that solute accumulation occurs after a certain 
amount of grain growth depending on the distance between the initially nucleated grains. For 
grains close together as in the case of refined 1 and 4% Si alloys, the numerical simulations 
showed that solute accumulation begins almost immediately dramatically reducing the 
likelihood of further nucleation between adjacent grains. 
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Figure 2 – Nucleation and Grain formation: The cumulative number of grains versus time 
for the refined Al-Si alloys. The total number of grains is taken as the maximum number of 
grains counted. The refined Al – 1% Si alloy has the fastest nucleation frequency generating 
the largest number of grains.  
In all refined alloys, once these initial grains are formed, they grow until either the Al-Si 
eutectic forms or they impinge on each other without further a-Al nucleation events 
occurring between them. Figures 1 d-f show video images for the refined Al-7% Si alloy 
where the grains nucleate sequentially across the field of view. Since a temperature gradient 
is present in both refined and unrefined alloys, it is believed that it is the combined effect of 
the temperature gradient, and the development of a nucleation-free zone as defined in the 
Interdependence model [28, 34], that results in a wave-like sequence of nucleation events in 
the refined alloys. Nguyen-Thi’s Al-3.5%Ni CET experiments [12] with and without refiners 
also show that nuclei grow in bands with a horizontal front for the refined alloy. From their 
article, it appears that the pulling velocity during DS was not changed for the unrefined alloy 
which would encourage equiaxed nucleation in the alloy.  
As would be expected, the videos show that the grain density in refined samples is higher 
than that in the unrefined samples. Faraji [4] shows a similar difference in the number of 
grains between unrefined and refined A356 alloys. It is important to note that while refined 
alloys contain added high potency inoculant particles that trigger nucleation, the unrefined 
alloys also exhibit a significant number of nucleation events. These nucleation events do not 
occur in a wave-like sequence. This suggests that the nucleation was triggered by random 
oxide or impurity particles of low and different potencies which eventually meet the 
condition for nucleating a new grain, i.e. a minimum undercooling for a given size of the 
oxide or impurity particle as the temperature gradient moves through the melt.  
Physical impingement is shown in Figures 1 (refined and unrefined Al-7% Si), 5 (refined Al-
4% Si), 6-7 (Al-1% Si), and 8-9 (Al-9% Si). By “physical impingement” we mean actual 
mechanical interaction of one grain with the other. In Figure 1 (and in Figures 5, 6 and 9), the 
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region where this occurs has been indicated with a white oval. Nguyen-Thi et al’s paper [12] 
quotes that grains ‘stop growing long before the actual contact suggesting solutal blocking (as 
discussed by Martorano [35])’. In our case, the images appear to show physical impingement 
of two grains. It should also be noted that being radiographic images, the grains could be at 
different depths in the field of view making it possible for grains that overlap to appear to 
have physically impinged. However, in our case since the dendrite tip growth rates of both 
the impinging tips go to zero (see Figures 6, 8 and 10), it is more likely to be actual physical 
impingement. Indeed, Figure 1 shows both physical impingement and the close proximity of 
two grains without physical impingement (red oval). The presence of physical impingement 
suggests that the local excess solutal content ahead of the tip is being transported as a result 
of local convection whereby the tips continue to grow until they physically impinge. Such 
convection currents may exist due to differences in local melt density caused by solute 
concentration and thermal differences. The maximum limit of solutal difference would be the 
difference between the solute concentration at the dendrite tip and the eutectic composition 
far from the tip. Likewise, the maximum limit of temperature difference would be governed 
by the existing thermal gradient in the melt estimated to be <1 K/mm as mentioned earlier. 
While it is not possible to perform solute profiling in Al-Si alloys due to poor 
contrast, Mathiesen-Arnberg [36] and Mirihanage et al [37] have performed composition 
profiling ahead of the dendrite tip in their synchrotron images in Al-Cu alloys.  Their results 
show that solute is transported due to convection and that thermo-solutal convection can 
occur locally at the dendrite tip region within a length scale of a few tens of microns and 
within a time scale of a few seconds (up to ~5 s). The research also shows there is some 
variability in the solutal ‘plume’ between adjacent dendrites (cf Figure 2 in [36]) so it is 
perhaps not surprising that individual grains may show some variability in growth behaviour. 
  
4. Grain Formation 
4.1 Grain size 
The average grain size was estimated based on the assumption that the maximum number of 
grains counted would completely occupy the field of view with each grain being circular in 
shape having an average diameter. This estimated average diameter based on 2D analysis, 
shown in Equation 1, is reported as the average grain size. The results are presented in Figure 
3 and Table IV. 
 =  4!"#$%&                          (1) 
Here N is the total number of grains observed within a field of view (FOV) whose area is 
AFOV. 
The unrefined alloys show a maximum number of grains (i.e. the finest grain size) at 4% Si, 
while the refined 1% Si alloy has the largest number of grains and the finest grain size for the 
refined alloys. In the refined alloys, the grain size increases with increasing Si content while 
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for the unrefined alloys, there is an initial decrease in grain size followed by an increase in 
grain size beyond 4% Si.  
The increase in grain size with Si content observed in both the refined and unrefined alloys is 
known as Si poisoning. Figure 3 shows the grain size as a function of Si content obtained by 
a number of researchers and plotted by Hutt [38]. These data points are a combination of 
unrefined alloys and alloys refined by Ti-based master alloys with the unrefined alloys 
showing larger grain sizes. Since the grain size is a function of cooling rate it is likely that the 
exact values of grain size from different researchers would differ. For comparison, the 
measurements from this study (red data points with solid and dotted lines for experiments 
with and without Ti, respectively) as well as the data from Hoef and Lee’s papers [39, 40] are 
included in the figure.  
A general observation from Figure 3 is that there is an increase in grain size for compositions 
above 3% Si. However, closer examination shows that for refined alloys there is often a 
gradual increase in grain size with Si content. These results show that irrespective of whether 
Ti refiner was added or not, there is an increase in the grain size beyond a particular Si 
content (e.g. 3% Si for the unrefined alloys). Thus, the results of these synchrotron 
experiments reaffirm the general trend of Si poisoning observed in both refined and unrefined 
alloys presented in the literature. The topic of Si-poisoning is a separate area of research 
where there is still debate about the mechanism responsible for poisoning and will not be 
discussed further in the present paper.  
 
Figure 3 – Grain size versus composition: Plots of grain size versus Si composition collated 
from previous work. The plots have been adapted from figures in Hutt’s PhD thesis (Figs. 
3.1, 3.2 and 7.1)[38]. The data presented in colour is the grain size as a function of Si 
composition with and without Ti addition determined from the synchrotron real-time x-ray 
experiments (2D method).   
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4.2 Growth Rate of Primary Dendrite Arms 
There is a strong coupling between the growth rate, solute segregation and morphology which 
governs the final structure of the material and hence the properties. As such the measurement 
of growth rate during equiaxed solidification assumes great importance. In spite of it’s critical 
importance, the variation of dendrite tip velocities during the growth process has received 
scant attention [41], due to the inherent difficulties in performing in-situ measurements 
during real-time solidification experiments.  
Of further interest is the fact that the Interdependence model predicts the grain size on the 
basis of Eq. 2.  
SddlCSgs xxxd ++=
'                        (2) 
where gsd is the predicted grain size, CSx  is the grain growth that results in the amount of CS 
required for nucleation, 'dlx  is the solute diffusion length ahead of the growing interface and 
Sdx  is the separation distance between potent nucleant particles. The right hand side of Eq.2 
can be further elaborated into parameters that affect each of the three terms [1]. The growth 
rate, v, appears in both CSx and 
'
dlx  terms. Equation 2 therefore illustrates the importance of n 
in determining the final grain size. Currently, the Interdependence model requires a user-
defined value of n, the prudent choice of which was made evident recently [42].  
For the aforementioned reasons the grain growth rate was measured from the video images 
once the grains started to grow. Due to the dendritic nature of the growing grains the velocity 
of the tip of the primary dendrite arms was measured. 
4.2.1 Methods of growth rate determination 
Dendrite growth rates have been obtained for different solidification processes using a wide 
range of techniques. However, most techniques used have been non-synchrotron based. 
Gourlay et al [43] are one of the few exceptions where they used synchrotron radiography to 
study dendritic and eutectic growth in Sn-0.7% Cu and Sn-0.7 % Cu-0.06 % Ni alloys. 
Likewise, Zheng et al [22] and Nogita et al [1] estimated the dendrite growth rates for Sn-Cu-
Zn lead-free solder alloy and Al-Si alloys (1 and 4% Si with Ti-based grain refiner addition) 
solidified in situ. Recently, Bogno et al [26] used synchrotron radiography to estimate the 
growth rates of equiaxed dendrites in an Al-10% Cu alloy and directionally solidified Al-4% 
Cu [44]. Both Nogita et al [1] and Bogno et al [26] show that the equiaxed dendrite tip 
velocity first increases to a peak and then decreases to a steady state value before 
neighbouring grains impinge. Additional synchrotron based growth rate measurements have 
been carried out by Mathiesen et al [36] and Mirihinage et al [37] who showed the impact of 
solute convection on the tip velocity. Solutal induced slowing of the tip of columnar grains 
during CET was also observed during in-situ experiments by Mathiesen et al [45] and 
Nguyen-Thi et al [12]. Nguyen-Thi also performed microgravity simulated experiments on 
metallic alloys [14]. 
Other methods of growth rate determination include DS experiments [46-51], confocal 
microscopy [52-54], high-speed camera [55, 56] or photo-diode [57, 58] on levitated 
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undercooled droplets, and microgravity experiments on organic compounds. Note that in the 
DS experiments the interface growth rate is governed, in part, by the rate of movement of a 
user-imposed thermal gradient along the specimen, and there is columnar grain growth at 
least in the early part of the experiment which may be followed by equiaxed growth 
depending upon other factors. 
 
Table III. Representative growth rates of the dendrite tips measured by previous researchers.  
Alloy Experimental technique 
Maximum 
Growth rate 
[mm/s] 
Ref. 
Al-1Si; Al-4Si Synchrotron in-situ solidification 20 [1] 
Sn-0.7Cu-0.15Zn Synchrotron in-situ solidification 35 [22] 
Al-10Cu Synchrotron in-situ solidification Up to 12 [26] 
Al-20Cu Synchrotron in-situ DS 
40 to 65 
(columnar) 
[45] 
Al-30Cu Synchrotron in-situ DS 
60 to 90 
(columnar) 
[36] 
Al-3.5Ni Synchrotron in-situ DS 50 (columnar) [12] 
Al-20Cu Micro-gravity in-situ DS 
240 to 270 
(columnar) 
[14] 
Sn-0.7Cu Directional Solidification 16 [43] 
99.99Al; Al-7Si Directional Solidification 185;225 [47] 
Al-(0.5;1.0;1.5)Fe Directional Solidification 4500;3900;2100 [48] 
Pb-(1.0;1.5;2.0)Sn Directional Solidification 2500;1500;1100 [50] 
Al-4.5Cu; 15Cu Casting 1700/3900 [49] 
Pd40Cu30Ni10P20 Undercooled in-situ solidfn. CLSM* 100-0.1 [53] 
Fe-C CLSM 0.5-2.1 [52] 
Fe-C CLSM 3.5-19 [54] 
Ni98Zr1Al1 EM levitation 35 m/s [56] 
Ni-(25.9 to 65.9) at%Al EM levitation 7.5 to 0.2 m/s [55] 
Ti-(5;90) at%Ni EM levitation 10 to 40 m/s [57] 
Pure Ni and Ti EM levitation Up to 60 m/s [58] 
SCN Microgravity experiments 534 [59] 
*CLSM: Confocal Laser Scanning Microscopy 
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Figure 4 - Growth rate calculation: Schematic representation showing several nucleated 
grains growing in the field of view captured by the synchrotron radiography experiments. The 
centre grain 1 illustrates how the growth rate is calculated. The movement of the dendrite tip 
along the +x and +y axes is tracked and measured as a function of time: t = t0 (solid line) and 
t = tt (dashed line). The average growth rate is given by (Lt-L0)/(tt - t0). For grains such as 
grain 2 which are rotated within ±45˚, the growth was considered to be along the x axis and y 
axis. 
Table III presents a summary of the growth rates determined by the above approaches. It can 
be readily seen that the growth rates can be grouped according to the solidification 
environment. For example, the levitation experiments have extremely high growth rates due 
to facilitating homogenous nucleation, the directional solidification experiments have a large 
range of growth rates (16 to 4500 mm/s) which are largely controlled by the imposed rate of 
movement of the temperature gradient, and the experiments in low temperature gradients 
facilitating equiaxed solidification, where the range of growth rates is over lower values (2 to 
300 mm/s) which are consistent with the range of v values observed in the following section.  
4.2.2 Determination of growth rate from the real-time x-ray experiments 
As the growing grains observed in this study mostly have a dendritic morphology where the 
dendrite arms become thinner with increasing Si content, the dendrite tip growth rate was 
measured by tracking the locus of the dendrite tips along X and Y axes as a function of time. 
In principle, this technique is similar to that used by Glicksman et al [60]. The position of the 
tip was manually measured and tracked as a function of time and the growth rate was 
estimated as a derivative of the tip locus with time. Bogno et al [26], Zeng et al [22] and 
Nogita et al [1] also used the same technique to estimate the dendrite tip growth rates.  
Figure 4 shows a schematic description of this process. For a given video image, a random 
grain, which did not move or rotate with time, was selected. These grains are probably held in 
position by the quartz plates as the grain size is larger than the 100 mm gap between the 
plates. The original grain is shown by a solid line (time, t0), while the grain growth over a 
time increment is illustrated by a dashed line (time, tt). The growth of the dendrite tip along 
the ±X and ±Y axes was tracked as a function of time. Often the grains were not aligned 
exactly along the X and Y axis. For such situations, even when the grain was aligned up to ± 
45˚ (e.g. grain number 2 in Figure 4), it was assumed that the grain was growing in the X and 
Y directions. The average growth rate was determined in terms of the difference in length of 
the dendrite arm from the start to the end of growth of the dendrite arm. It should be noted 
that determining the locus of the interface (and therefore the displacement) in our images 
showed a maximum uncertainty of ±3 pixels which translates to a possible error of ~±8 mm in 
the displacement and, hence, an error of ~±8 mm/s in the dendrite tip velocity. For clarity the 
error bars have not been included in the figures.   
Figure 5 shows actual images for the refined Al-4% Si sample (HR beam-line) for which the 
growth rate calculations were performed. The size of the time steps and the scale bar marked 
on the images assist in growth rate calculations. The images show some of the grains (#3 and 
#4 in Figure 5a and Figure 5d) move downwards with time within the liquid and/or rotate as 
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observed in the videos. The loci of dendrite tip position along the X and Y-axes of grain 1 in 
Figure 5 were tracked as a function of time. The horizontal line marks the tip growth along 
the Y-axes while the vertical line marks the X-axes dendrite tip growth. From (a) to (b), it can 
be seen that the dendrite tip grows in both the +X and –X directions. In (c) the tip continues 
to grow in the +X direction while it appears to stop with respect to (b) in the –X direction. +Y 
and –Y axes dendrite growth continues from (a) to (b). In (c) the dendrite along the +Y 
direction impinges upon a neighbouring grain while the amount of dendrite growth along –Y 
seems to be small.  
 
Figure 5 – Refined Al-4wt%Si: Images of the growth of grains in the refined Al4Si alloy. 
Grains 1 and 2 were analysed for the calculation of dendrite tip growth rate. The sequences of 
images clearly show the advancing dendrite front with time. The time is marked on the 
images. The vertical and horizontal dotted construction lines for grain 1 indicate the 
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advancement of the dendrite tip along the X-axis (vertical lines) or the Y-axis (horizontal 
lines). Grains 1 and 3 physically impinge (fig. ‘e’) as indicated by a white circle  
Figure 6 shows the dendrite tip growth rate as a function of time for the unrefined Al-1% Si 
alloy sample. The growth rates are shown for +X and +Y directions. The normalized time on 
the X-axis in the plot refers to the time from when the first nucleation event is observed to the 
end of the dendrite arm’s growth. The growth rates for both axes start with a high value 
which then decreases with time. X-ray images of the grains’ growth are inset into Figure 6. 
At about 4 s (normalized time) on the plot the tip growth rate along the X-axis starts to 
decrease and comes to a stop at 8 s, corresponding to physical impingement with a 
neighbouring grain. The decrease in growth rate is indicated in the plot by a dotted trend line. 
However, the time at which this decrease begins to take place is different for the +X (~4 s) 
and +Y directions (~8 s) since the dendrite arm along +X impinges much earlier than the arm 
along +Y. While the +X-axis dendrite arm stops relatively soon after growth begins (with 
consequently smaller arm growth), the +Y-axis dendrite growth continues for a longer time. 
The secondary arm in the +Y direction from the neighbouring grain # 2 and the growing 
grain # 3 eventually impede the growth of the +Y arm of grain # 1.  
 
Figure 6 – Unrefined Al-1wt%Si: Data showing the change in growth rates of grain 1 along 
+X and +Y directions. After an initial fast growth rate, the rate drops substantially. This drop 
is faster for the +X direction compared to the +Y direction due to the impingement of a 
dendrite growing along +X direction. The +Y dendrite continues to grow for longer before 
the +Y dendrite of grain 2 begins to first compete with and then impinge on this dendrite arm. 
This is seen as an abrupt drop in the growth velocity of the +X dendrite and a gradual 
decrease in the +Y dendrite (grain 1) growth rate. The inset images show the three time steps 
when the grains 1-3 gradually grow towards each other and finally grains 1-2 and 2-3 
impinge (arrow).  
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Furthermore, for growth in the +Y direction, there is significant scatter in the data in the early 
stages. The growth rate appears to fluctuate between high and low values with a frequency 
that varies between 0.2 s and 0.4 s. This is further explored in Figure 7 which shows the 
sequence of images for the Al-1% Si sample where the locus of the +Y direction dendrite tip 
across different times has been tracked with the help of dashed construction lines. The 
thickness of the dashed lines represents the amount of growth of the tip for that time step. 
Between (a) and (b) there is some tip growth which then almost stops between (b) and (c). 
Between (d) and (e) the tip again grows an amount which seems to accelerate from (e) to (f). 
This difference in the amount of growth reflects a change in the growth rate and is tabulated 
in Table V. From the data in Table V, it can be seen that the change in position between 
successive images is unequal which manifests as fluctuations where the tip slows and 
accelerates resulting in the scatter observed in Figure 6. Note that no negative growth or 
remelting was observed.  
Figure 8 shows the growth rate as a function of time for the refined Al-9% Si. The growth 
rates are plotted for +X, +Y and –Y-axes for grain 1 (marked in the image in the inset). For 
each direction the growth rate tends to slow down with time. Similar to the Al-1% Si case, 
the growth rate in the different directions slows down when the dendrite arms from grain 1 
approach neighbouring grains. Also, there is fluctuation in the growth rate in the initial 
stages, particularly in the +X and +Y directions. Figure 9 shows a sequence of images where 
the dendrite tip growth for the refined Al-9% Si alloy in the +Y direction is tracked with the 
help of dashed construction lines. There is initial growth of the tip between (a) and (b) which 
stops at (c). There is a relatively larger amount of growth between (d) and (e) but stops at (f). 
Thus, the growth rate fluctuates between high and low values with a similar frequency to that 
observed in Figure 8.   
 
Figure 7 a-f – Unrefined Al-1% Si: The locus of the +Y-axis dendrite tip is tracked with 
time with the help of the white dotted construction line, the thickness of which denotes the 
amount of tip growth between the X-ray images. The time sequence is shown on the images. 
From (a) to (b) the tip grows by a certain distance and then a much smaller distance to (c). 
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From (d) to (e) there is some growth which accelerates in (f). This observation highlights the 
fluctuations in the measured growth rates presented in Figure 6.  
The physical proximity of the grains followed by physical impingement in the later stages of 
growth results in less scatter in the dendrite tip growth rate and is marked by a dashed 
construction line in the tip growth rate data in Figure 6. It appears (Figures 6 and 8) that 
growth can be considered to be in two parts: firstly a region of large fluctuations where a 
horizontal line representing the average growth rate can be qualitatively drawn and secondly 
a gradual reduction in average growth rate accompanied by a significant reduction in the size 
of fluctuations to almost zero growth rate. This steady growth rate approaches zero when 
physical impingement occurs as shown in the inset in Figures 6 and 9 with an arrow and a 
circle respectively. Similar results were observed for all refined and unrefined compositions.  
 
Figure 8 – Refined Al-9% Si: The growth rate values for grain 1 are presented for three 
directions. Similar to other samples, the growth rates for each direction decrease with time. 
The initial grain growth rate (in the first five frames, i.e. in the first 1 s of grains appearing), 
the average initial growth rate and the average overall growth rate for all the alloy samples 
are presented in Table IV. The average overall growth rate was evaluated in two steps. 
Firstly, the overall growth rate was estimated as the ratio between the total distance travelled 
by the tip and the time from start to end of that dendrite tip’s growth. This was followed by 
evaluating the overall tip growth rates for all the dendrite arms for all the grains for a given 
alloy composition and averaging them. Table IV also presents the growth rate in the initial 
stages of growth. The initial stage growth rate is the growth rate (5 data points at 0.2 s 
interval each) over the first second of growth observed. The average initial growth rate is 
estimated from taking the mean of the initial stage growth rates for all directions for all grains 
for a given alloy.  
The growth rate data in Table IV can be categorized into three separate sets, 1] growth rate 
comparison between LR and HR data, 2] growth rate as a function of alloy composition and 
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3] the relationship between the growth rate and grain size for the different alloy 
compositions. Each of these is now briefly discussed.    
Growth rate comparison between LR and HR data: Figure 10 shows the HR data for refined 
Al-4% Si (Fig. 10a) and Al-7% Si (Fig. 10b). Comparing this with data in Figures 6 and 8 
clearly shows that while the LR data shows growth rate fluctuations, the HR data exhibits a 
relatively smooth decrease in growth rate. This lack of fluctuations is due to a longer time 
period for image capture (1 s compared to 0.2 s in LR experiments). The measured growth 
over 1 s includes several fluctuations and therefore represents an average value of v over the 
1 s interval. Thus, the fluctuations observed in the LR data are not visible in the HR data. 
Because of the small field of view, the HR data is not suitable for measuring growth rates in 
the alloys with low nucleation rates as each grain extends well beyond the field of view.  
For both LR and HR data, the average initial growth rates show higher values than that for 
the average overall growth rates. This is an extension of the data seen in Figures 6, 8 and 10 
where initially the growth rates are higher which then slow down.  
Growth rate as a function of alloy composition: A lower Si composition shows lower growth 
rates. This is opposite of what is expected from the theoretical considerations [61] which are 
based on the growth rate of an isolated equiaxed grain growing in a melt. This model predicts 
that for isolated grain growth at small undercooling, the increase in solute content in the melt 
should decrease the growth rate, due to the amount of solute required to be rejected by the 
higher solute containing alloy. The current experimental results can be explained in terms of 
the number of nucleated grains. For Al-Si refined alloys the number of nucleated grains is 
much higher for lower Si compositions and the corresponding average growth rates are 
smaller. As large numbers of grains grow simultaneously, the solutal field interactions 
amongst neighbouring grains cause the growth rates of individual grains to reduce. The larger 
number of nucleated grains in unrefined Al-4wt%Si also results in a lower growth rate (Table 
IV). This process partly governs the difference in the average initial and average overall 
growth rates and more about this is described in a later section.  
Table IV and Figure 11 show that the unrefined alloys have higher growth rates compared to 
the refined alloys. For unrefined alloys, the initial nucleation temperature may be lower 
relative to the liquidus (higher undercooling) due to much less potent nucleation sites, 
resulting in the initial grain growth rates being higher.    
Relationship between the growth rate and grain size: The average growth rate data from the 
LR experiments (Table IV) show that for either refined or unrefined alloys the Si poisoning 
trend for grain size is replicated in the growth rate values. This is further shown in Figure 11a 
which plots the growth rate for the refined and unrefined alloys as a function of Si 
concentration in the alloy. The unrefined alloys (open triangles) show larger growth rates 
than the refined alloys. Furthermore, the trend of growth rate versus Si concentration is 
similar to that observed in Figure 3 which shows the grain size as a function of Si 
concentration. For the unrefined alloys growth rate and grain size both decrease from 1 to 4% 
Si and then increase back to large values by 9% Si. For the refined alloys, growth rate and 
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grain size gradually increase from a low level with increasing Si content. The growth rate 
estimated by Nogita et al [1] on Al-4% Si alloy attains a peak value of ~20 mm/s and 
decreases to a low value of 5 mm/s. This matches well with the values presented from the 
current work in Figures 10a and 11a.  
An important observation from this research is that the growth velocity fluctuates the most 
during the initial growth of the dendrite tip as shown in Figures 6 and 8. In the later stages of 
growth the fluctuations become negligible and, simultaneously, the growth rate reduces to a 
low value. The periodicity of the fluctuations is 0.2 to 0.4 s and may be caused by two factors 
– thermal field fluctuations and solutal field changes in front of the dendrite tips due to liquid 
convection. Zeng et al [22] showed that in the SPring-8 experimental set-up there is a cyclic 
variation in the furnace temperature. A similar cyclic variation was found in the current 
experiments however, the periodicity of this variation is greater than 70 seconds. Thus, it 
seems unlikely that thermal variation from the furnace causes a 0.2 s periodicity of the 
growth rate fluctuations. Moreover, it was verified that fluctuations observed in two different 
grains were out of phase and in a single grain the fluctuations along one axis (e.g. +X and –
X) were not completely out of phase as would be the case if the whole grain was vibrating, 
indicating that the growth rate fluctuations were not driven by an external field. Additionally, 
no negative growth rates were ever measured indicating that the grains are not remelting or 
moving during the time of solidification over which the measurements were made.  
Table IV. The total number of grains and the estimated grain size from the synchrotron 
experiments. The average initial and average overall growth rates of the alloy samples are 
also presented. The initial growth rates are estimated from the first second of growth and for 
which at least 4 seconds of growth was recorded. Multiple entries for a given alloy 
composition correspond to multiple grains. The average initial growth rates were then 
calculated from the initial growth rates for different grains growing along the 4 different axes.  
Sample 
Beam 
resol. 
Synch. 
# of 
grains 
Est. 
grain 
size 
[mm] 
Initial growth rates @ 1 s 
[mm/s]  
Avg. initial 
growth 
rates (sd) 
[mm/s] 
Avg. 
overall 
growth 
rates (sd) 
[mm/s] 
+X +Y -X -Y 
Al-1Si LR 5 2647 
366.9 
485.2 
206.5 
262.8 
357.7 
359.4 
473.6 
288.4 
259.6 
315.5 
246.4 
226.3 
162.1 267.4 (141) 273.6 (140) 
Al-4Si LR 43 903 80.6 185.2 
153.4 
267.4 
171.6 
(77.4) 
33.7 (24.3) 
Al-7Si LR 5 2647 564.8 
548.0 
741.8 
- - 
618.2 
(107.4) 
519 (97.9) 
Al-9Si LR 8 2093 - - - - - 
538.9 
(126.8) 
Al-1Si-
Ti 
LR 685 226 56.9 127.2 
74.3 92.6 
43.4 (8) 9 (2.4) 
Al-4Si-
Ti 
LR 239 383 205.2 187.7 
205.2 267.9 
127.4 (5.9) 22.7 (8.6) 
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Al-7Si-
Ti 
LR 141 498 115.8 123.1 
155.3 142.8 134.3 
(18.1) 
73.1 (24.1) 
Al-9Si-
Ti 
LR 14 1582 
364.6 
703.3 
434.7 
375.3 
201.6 
269.6 
461.4 251.0 
382.7 
(158.1) 
243.9 
(143.6) 
Al-1Si-
Ti 
HR 
- - - - - - - - 
Al-4Si-
Ti 
HR - - 31.4 - 21.9 
8.2 
68.6 
32.5 (25.8) 12.4 (11.4) 
Al-7Si-
Ti 
HR - - 49.2 
82.3 
19.1 
42.4 132.7 65.2 (44) 18.4 (9.2) 
Al-9Si-
Ti 
HR 
- - - - 
- - 
- - 
 
 
 
21 
 
Figure 9 a-f – Refined Al-9wt%Si: The locus of the +Y-axis is tracked with time with the 
help of the white dotted reference line. The time of each image is marked on the images. 
From (a) to (b) the dendrite tip grows a small distance and then appears to stop in (c). 
Between (d) to (f) there is a sudden increase in growth resulting in a fluctuation in the 
measured growth rate as shown in Figure 9. The encircled region shows the physical 
impingement of two grains.  
 
 
Table V. Quantified position of the dendrite tip along the +Y direction and the corresponding 
fluctuating tip growth rate for Al-1% Si sample shown in Figure 7. [1 pixel = 2.76 mm]. 
Figure # Actual Time [s] 
Dt 
[s] 
Pixel co-ordinates 
[X,Y] 
Growth rate (change) 
[mm/s]  
Remark 
7 a 83.8 - [325, 785] 652 (+418) From prev. 
7 b 84.0 0.2 [320, 747] 529 (-123) Slowed 
7 c 84.2 0.2 [320, 736] 152 (-377) Decelerated 
7 d 84.4 0.2 [316, 700] 500 (+348) Accelerated 
7 e 84.6 0.2 [312, 678] 309 (-191) Slowed 
7 f 84.8 0.2 [310, 636] 580 (+271) Accelerated 
 
The following general observations can be made about the dendritic growth rate for the Al-Si 
alloys.  
· The dendritic structure of the grain becomes finer with increasing Si composition.  
· Both the average initial and average overall growth rate in unrefined alloys was found to 
be higher than that in the refined alloys.  
· In either case, the average growth rate of the grains in the different alloys seems to be 
related to the corresponding grain size (Table IV and Figure 11). Like grain size, the growth 
rate increases with Si concentration in refined alloys but first decreases and then increases 
with Si concentration in the unrefined alloys.  
· Large fluctuations in growth rate occur during the initial stage of growth and then 
gradually reduce at low growth rates as the neighbouring grains approach physical 
impingement. 
These observations are analysed further in the following section. 
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Figure 10 – HR growth rates for the refined a) Al-4% Si, and b) Al-7% Si samples: The 
decrease in growth rate for both cases is clearly seen. g1 and g2 in parenthesis indicate that 
different grains were analysed. 
4.2.3 Consideration of the growth rate measurements 
For the refined and unrefined alloys the average growth rate versus Si content (Figure 11a) 
and grain size versus Si content (Figure 11b) follow the same trend. Figure 11c shows that 
the average growth rate increases with grain size and there is no direct proportionality with 
the Si content except through the correlation with the effect of Si poisoning.  
During free growth of the equiaxed grains in the refined and unrefined alloys the grains will 
be hotter than the surrounding liquid. Early in the initial stages, thermal convection can bring 
colder liquid to the S-L interface which would then tend to accelerate growth of the dendrite 
tip. Dendritic growth of equiaxed grains results in latent heat release, which must be extracted 
via the melt [27]. Therefore, this accelerated growth could result in local recalescence and 
tend to heat the surrounding liquid ahead of the growing dendrite tip reducing the 
undercooling for growth and thereby decelerating the dendrite tip growth rate. Wang and 
Beckermann [62] have numerically predicted the presence of local recalescence for an Al-Cu 
casting with equiaxed grains in a computational domain size of 50mm x 100mm. This 
accelerate-decelerate mechanism of growth is supported by the fact that no negative growth 
rates were measured. This seems reasonable since the initial stages of growth in both refined 
and unrefined alloys show growth rate fluctuations. Note that the nucleation frequency for 
refined alloys is much larger than the periodicity of the fluctuations (Table IV), and, 
therefore, the wave-like nucleation sequence is still maintained. Invoking the well-known 
relationship v µ (DT)
a [38] and using a power term of 2.7 for the Al-Si system (adapted from 
the dendrite kinetic simulations for the Al-Cu system [63]), illustrates that a fourfold increase 
in undercooling between 0.2 K to 0.8 K can result in a 40 times increase in the growth rate.  
 
23 
 
 
 
Figure 11 – (a) Average growth rate as a function of alloy composition. The refined alloys 
have lower growth rates than the unrefined alloys. The data from the HR (square symbol) and 
LR experiments for the refined Al-Si samples show a similar trend. (b) The grain size 
estimated from the synchrotron experiments as a function of alloy composition corresponds 
to the growth rate-composition plot in Figure 11a. (c) The average growth rate versus grain 
size for all of the refined and unrefined alloys.  
As grains grow solute is rejected. In the initial stages, liquid movement within the inter-
granular region can deplete or deposit solute which in turn stimulates fluctuations in the 
growth rate. Recent in-situ synchrotron directional solidification of Al-15% Cu-9% Si by 
Mirihanage et al [37] clearly showed movement of solute rich liquid in the inter-granular 
region during dendritic growth within a cell that is 136 mm thick. Mathiesen-Arnberg [36] 
have also shown the presence of thermo-solutal convection in dendrite tip regions in their 
synchrotron experiments. Thus, convection of liquid is also expected in our rig where the 
solidification cell is 100 mm thick. On further growth, the inter-granular region becomes 
restricted and the liquid movement within these regions is minimized reducing the degree of 
fluctuation. The growth rate is now governed by solute accumulation between adjacent 
grains. Solute accumulation eventually slows the rate of growth finally stopping when the 
liquid reaches the eutectic composition or upon physical impingement with the neighbouring 
grains. Recent numerical simulations [33] have shown that overlap of the solutal diffusion 
fields occurs in the vicinity of grains growing together and the presence of a solutal field 
ahead of a growing tip can cause a decrease in the growth rate of the tip. As observed by 
Mirihanage et al [37], solute convection can cause significant fluctuations in the dendrite tip 
growth rate. Their results in dimensionless form indicate a 5 fold dendrite tip growth rate 
24 
 
fluctuation which is a similar order of magnitude to the fluctuations measured here, over a 3 
second interval. For instance, compare the initial and average growth rates in Table IV.  
While the Al-Si system is not amenable to atomic number contrast which would definitively 
show movement of solute-rich liquid in the inter-granular region, the thermo-solutal effects 
resulting in solute convection can be expected during solidification [36]. The effect of fluid 
convection on the interface growth rate and the interface composition has been investigated 
by Bogno et al [44] in a directional solidification synchrotron experiment on Al-4wt%Cu. 
Furthermore, Du and Zhang [64] modelled (using the phase-field approach) the growth of an 
isolated dendrite tip in the presence of fluid flow and showed that the solute depletion caused 
by fluid convection can result in increased tip growth rates. Bogno et al [26] recently plotted 
tip growth rate as a function of time for Al-10wt% Cu solidified in-situ during synchrotron 
radiography experiments. They show growth rates starting from a low value rising to a high 
value and finally decreasing to a low value. They do not show any fluctuation in the growth 
rate, however, the time-scale of their data is ~400 s, with each data point plotted at ~10s. 
With such a large time increment, any fluctuations present will be damped out as observed in 
our HR experiments with a only a 1 s time increment. As mentioned earlier, Mathiesen et al 
[36, 45], Mirihinage et al [37] and Nguyen-Thi et al [12] also show the impact of solute 
convection on the tip velocity. Moreover, Reinhart et al [9] show that the convective flow of 
the solute must be taken into account to simulate the solute segregation during CET.    
Finally, the implication of the tip growth rate measurements and grain size (Figure 11c) is 
that it strongly suggests that the growth rate of the grains is governed by the number of grains 
already nucleated. The larger the number of grains nucleated, the smaller the average growth 
rates will be. In other words, smaller grain sizes are indicative of smaller growth rates. The 
Interdependence model predicts the grain size based on growth velocity with an inverse 
relationship i.e. the smaller the growth rate, the larger the grain size. This requires further 
work, as the results seem to suggest that the grain size is pre-set once the nucleation events 
have occurred and the growth rates of the grains are a consequence of these nucleation 
events. It is therefore suggested that plots such as Figure 11c would be helpful in developing 
a correlation between grain size and growth rate which could be useful in the 
Interdependence model. Given that the Al-Si system is prone to poisoning effects, such plots 
from different alloy systems would be more beneficial. Note that since the Interdependence 
model is valid only for the grain refined system, the data from the unrefined alloys has not 
been considered.    
Finally, the thickness of the sample was 100 mm and the field of view was 5 mm x 5mm. 
Thus, the grain growth observed would largely be in 2D and very limited along the sample 
thickness. Thus the nucleation rates calculated would be mainly valid for the 2D growth of 
the grain. In a 3D casting environment the nucleation frequency and the degree of convection 
may be different.  
5. Conclusions 
a. Real-time synchrotron images of the refined alloys show sequential nucleation events 
without further nucleation occurring between the initially nucleated grains within the field of 
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view. This nucleation process is consistent with the predictions of the Interdependence 
model. In contrast, the unrefined alloys showed that nucleation events occur almost 
simultaneously in different regions of the melt. The difference in nucleation behaviour may 
be due to a much broader distribution of lower potency native nucleant particles in the 
unrefined alloys. 
b. Grain size measurements taken from the real-time synchrotron X-ray experiments 
correspond to the grain size data reported by previous researchers. Si poisoning was observed 
in both the refined and unrefined alloys. For the refined alloys Si poisoning occurs over the 
full range of Si contents whereas for unrefined alloys there is a transition to coarser grains at 
about 4% Si.   
c. The grain number, nucleation frequency and the rate of grain growth were measured and 
calculated from the synchrotron real-time X-ray video images of grain refined and unrefined 
hypoeutectic Al-Si alloys. The nucleation frequency appears to be related to the movement of 
the temperature gradient with time through the melt where nucleation occurs when the most 
potent particles become activated at a certain value of constitutional supercooling. 
d. Measurement of the interfacial growth rate showed that fluctuation in the growth rate 
occurs initially. This was attributed to the convection of colder or hotter liquid to the growing 
interface causing the undercooling to rapidly increase or decrease which in turn causes the 
growth rate to increase or decrease. After a period of growth which depends on the spacing 
between adjacent grains, the growth rate and the associated fluctuations decrease due to a 
reduced rate of thermal and/or solutal convection until grain impingement. 
e. The initial measured growth rates are related to the grain size rather than Si composition, 
where smaller grains exhibit slower rates than the larger grains. This relationship may be due 
to the early onset of solute accumulation when the growing grains are close together or due to 
a difference in the nucleation temperature where a lower temperature provides a greater 
driving force for solidification compared to a higher nucleation temperature which reduces 
the growth rate and promotes more nucleation. Further work is required to resolve the relative 
contribution of these two possibilities. 
f. It was shown that within the normal range of nucleation undercoolings the growth rate can 
increase by up to 40 times which is consistent with the range of growth rates measured for a 
typical fluctuation when a large grain size is formed. The unexpected observation of rapid 
fluctuations in this study may be due to the short 0.2 s image capture rate compared with 
other studies where longer capture times were employed. 
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1. Appendix 
Table A1. Video links for the six alloys mentioned in the text. 
S.N. Alloy Alloy composition 
1. 
 
Al1SiTi 
2. 
 
Al4SiTi 
3. 
 
Al7SiTi 
4. 
 
Al9SiTi 
5. 
 
Al1Si 
6. 
 
Al4Si 
7. 
 
Al7Si 
8. 
 
Al9Si 
 
 
